ABSTRACT: Widespread bat fatalities at industrial wind turbines are a conservation issue with the potential to inhibit efficient use of an abundant source of energy. Bat fatalities can be reduced by altering turbine operations, but such curtailment decreases turbine efficiency. If additional ways of reducing bat fatalities at wind turbines were available such tradeoffs might not be needed. Based on the facts that bats perceive distant objects primarily through vision and can see in very dim lighting conditions, and the possibility that bats might interact with turbines after approaching them as they would trees, we propose a novel method of reducing bat activity at wind turbines: illumination of the structure with dim light. As a first step toward assessing this approach, we illuminated trees with dim flickering ultraviolet (UV) light in areas frequented by Hawaiian hoary bats Lasiurus cinereus semotus, an endangered subspecies affected by wind turbines. We used a repeated-measures design to quantify bat activity near trees with acoustic detectors and thermal video cameras in the presence and absence of UV illumination, while concurrently monitoring insect numbers. Results indicate that dim UV reduces bat activity despite an increase in insect numbers. Experimental treatment did not completely inhibit bat activity near trees, nor did all measures of bat activity show statistically significant differences due to high variance in bat activity among sites. However, the observed decreases in bat activity with dim UV illumination justify further testing of this method as a means to reduce bat fatalities at wind turbines.
INTRODUCTION
Bats often fatally interact with industrial wind turbines. Prior to the late 1990s, bat fatalities resulting from collisions with human-made structures were uncommon (Cryan 2011 ), yet recent deployment of tall, monopole (single tube) wind turbines has resulted in unanticipated and unprecedented numbers of bat fatalities (Kunz et al. 2007 . Tens of thousands of bat fatalities now occur each year at wind turbines in the USA and Canada (Arnett & Baerwald 2013) , and substantial numbers are also reported from Europe (Rydell et al. 2010a , Voigt et al. 2015 .
Certain species of bats appear more susceptible to wind turbines than others. For example, of the 45 species that occur in the USA and Canada, only a few make up the majority (~80%) of documented fatalities at turbines: hoary bats Lasiurus cinereus comprise about 40%, eastern red bats L. borealis about 25%, and silver-haired bats Lasionycteris noctivagans about 20% (Arnett & Baerwald 2013) . A common characteristic of these species, and similar species experiencing fatality at turbines in Europe, is that they roost in trees throughout the year and are often referred to as 'tree bats' (Strelkov 1969 , Cryan & Barclay 2009 ). The underlying causes of their susceptibility to wind turbine fatalities remain unknown and hypotheses include coincidental causes (e.g. proximity to colonies, or random encounters during bat migration, including a possible link between turbine height and its interaction with insect migration and high-altitude feeding by bats; Rydell 2010b) and resource-based causes of attraction (e.g. bats seeking food, shelter, or social opportunities at turbines; Cryan & Barclay 2009 ). Such resources may occur more often at trees and emergent, tree-like structures, and field observations from North America suggest that tree bats might approach turbines while seeking these resources (Horn et al. 2008 , Cryan et al. 2014 , Jameson & Willis 2014 . In Sweden, bats were observed attempting to land upon, roost within, socially display from, and forage from offshore wind turbines (Ahlén et al. 2009 ). Given the possibilities of tree bats using wind turbines as surrogate structures, methods of keeping bats away from turbines may reduce their fatality risk.
Vision is the primary means by which bats perceive distant objects and landscape features, and thus navigate and orient across large areas (Griffin 1970 , Suthers 1970 , Cryan & Diehl 2009 , Tsoar et al. 2011 , Boonman et al. 2013 . In addition to generally finding their way around landscapes at night, bats use vision and ambient light to locate roosts in trees (Ruczyń ski et al. 2011) . Bats can see well in very dim ambinent light that appears dark to humans (Ellins & Masterson 1974) . However, under dim-light conditions tree bats may not be able to cognitively differentiate the visual silhouettes of trees from the cylindrical towers and branch-like blades of wind turbines (Cryan & Brown 2007 , Cryan 2008 , Cryan et al. 2014 .
Although early reports indicated no difference in bat fatalities between turbines lit with aviation safety lighting and those without (e.g. Arnett et al. 2008 ), a recent study from Texas reported significantly lower fatality rates of eastern red bats Lasiurus borealis, as well as approx. 50% fewer fatalities of hoary bats, at turbines lit with red flashing aviation lights (Bennett & Hale 2014) . This finding suggests that illuminating turbines, albeit in a spectrum of light near the edge of bat visual perception (Mistry & McCracken 1990) , may decrease the chances of tree bats approaching turbines and subsequent fatalities. As stated by Cryan et al. (2014) , 'supplemental lighting of turbines might make some bats less likely to mistake them for trees ' (p. 15130) . However, illuminating large areas of wind turbines with light that is visible to human observers may be unacceptable due to existing concerns about aviation safety, the visual conspicuousness of turbines at night, as well as the potential for disorienting and 'entrapping' nocturnally migrating birds (Longcore & Rich 2004) .
Recent investigation has shown that many bats can see ultraviolet (UV) light (e.g. Winter et al. 2003 , Xuan et al. 2012 . The eyes of some bats in the chiropteran suborder Yangochiroptera (formerly Microchiroptera) appear most sensitive to light intensities comparable to those available during crepuscular periods (Müller et al. 2009) , and the adaptive advantages to seeing UV may include orientation by post-sunset glow, stars, and polarized light patterns in the sky (Childs & Buchler 1981 , Buchler & Childs 1982 , Greif et al. 2014 . Insects, particularly moths, are also known to aggregate at lights rich in short-wavelengths (van Langevelde et al. 2011) , and these aggregations may in turn attract foraging insectivorous bats (Blake et al. 1994 , Rydell & Racey 1995 , Minnaar et al. 2014 , Mathews et al. 2015 .
Synthesizing these concepts, we propose that bat fatalities at wind turbines may be reduced by illuminating turbines with dim light visible to bats but not humans or birds. We reason that dim illumination will reduce visual contrast between wind turbines and lighter sky backgrounds, thereby decreasing visual similarities between the silhouettes of trees and wind turbines at night. As a first step toward testing this idea, we conducted a field experiment in which we illuminated trees with very dim UV light and compared activity of free-flying hoary bats and insects in the presence and absence of UV illumination. We included insect response in our study to assess the potential for confounding effects, that is, whether UV illumination attracted a sufficient number of nocturnal insects to subsequently attract bats. We present evidence that bat activity at the trees was reduced by dim lighting and propose that such illumination may be an effective method for dissuading bats from approaching wind turbines.
MATERIALS AND METHODS
This field study was conducted from 8 September through 16 October 2014 at a site situated 9 miles south of Hilo, Hawai'i Island, USA. At an elevation of about 230 m, vegetation in the area consists of a plantation of approx. 5 m tall macadamia Macadamia integrifolia bordered by 40 m tall windbreaks of Cook's pine Araucaria columnaris. Previous observations by the authors (P. M. Gorresen & F. J. Bonaccorso; Gorresen et al. 2013) confirmed relatively high levels of activity by Hawaiian hoary bats Lasiurus cinereus semotus in the area. In addition to belonging to the species found dead most frequently beneath wind turbines in continental North America (Arnett & Baerwald 2013) , L. c. semotus is the only species of bat occurring on the Hawaiian Islands, and this endangered subspecies has been found beneath wind turbines on multiple Hawaiian islands, making it an appropriate subject for this study.
The study consisted of a balanced design with replicate samples obtained at 10 sites within the plantation, located an average of 949 m apart. Each site was sampled both acoustically and with video cameras for 2 nights prior to treatment with UV illumination and these samples served as the experimental control. Each site was subsequently subject to experimental UV light treatment for 2 nights after the control sample. Samples at 2 sites (consisting of a control and a treatment) were run concurrently each night, and twenty nights of each type of observation resulted in a total of 40 sampling nights.
Each sample site was comprised of an open area situated between the macadamia trees and a linear windbreak of closely-spaced (5 m apart) Cook's pine trees onto which UV light was aimed during treatment nights (see Fig. S1 in the Supplement at www. int-res. com/ articles/ suppl/ n028 p249_ supp. pdf). UV illumination was provided by 2 custom-made emitters spaced 30 m apart and angled 20° horizontally from the between-emitter axis towards the windbreak and 30° vertically relative to the horizon. UV illumination from each emitter was produced with a peak wavelength of 365 nm and a spectral spread of approximately 10 nm of light at full-width, halfmaximum (range: 335 to 395 nm). Each emitter had a power density, at a distance of 30 m, of approx. 1 microwatt cm −2 over a circular region of 20 m radius. This light level was determined during previous experimental trials to be sufficient to elicit a significant behavioral response in 7 species of bats representing 3 taxonomic families, and to demonstrate their capacity to see very dim UV light . Emitted UV light flickered randomly with a duty cycle of between 0.1 and 5 s. All experimental protocols were approved by the Institutional Animal Care and Use Committee of the University of Hawai'i at Mā noa and the US Fish & Wildlife Service.
Hawaiian hoary bat L. c. semotus (hereafter 'bat') activity at each control and treatment site was quantified both acoustically and visually. Bat echolocation was monitored with ultrasonic detectors (Song Meter 2 Bat+, Wildlife Acoustics), with microphones oriented towards the air-space imaged by video cameras. Bat occurrence was visually assessed using surveillance cameras equipped with 10 mm lenses (Axis Q1922-E, Axis Communications). These cameras image in the 'thermal' spectrum of infrared light (approx. 9000− 14000 nm) and require no supplemental illumination. At each sample site, a surveillance camera was set at the edge of the open area and aimed towards the airspace on the illuminated side of the windbreak of trees. Each camera's field of view at 50 m distance was approx. 54 m wide by 41 m high. Nightly measures of bat activity derived from video consisted of the total detections at mid-range (≤50 m) and near-range distances only (≤25 m) to the camera, and 'duration' (total time in seconds of video detections adjusted by the sum of such nightly events). Video imagery was processed using custom-written code and matrixbased statistical software (Mathworks) to automatically detect animals flying through the video scenes (Fig. S2 in the Supplement). Video was recorded at 30 frames per second (fps), and every 10th video frame was analyzed, resulting in the detection of events lasting as little as 0.3 sec. All objects detected by software algorithms were visually reviewed and characterized as to identity and proximity. To assess whether lowintensity UV illumination affected available abundance of potential bat prey, insects were sampled nightly at each site with a Malaise trap (MegaView Science). Trapped insects were collected following each night of control/treatment sampling and dried in an oven for 48 h at 65°C. Total number of insects per night was assessed by measuring dry weight biomass.
Bat and insect response to moon illumination, rainfall, temperature, and wind speed was also examined with a set of preliminary models to determine whether they should be considered for subsequent inclusion as additional fixed effects. Weather covariates were not significant predictors due to the low variability observed in the nightly values, and only moon illumination was retained in the models described below. Where UV treatment and moon illumination were each significantly associated with bat or insect response as main effects, they were also included in models as interaction effects. Moon illumination was recorded as the proportion of lunar disk illuminated; data were obtained from the Astronomical Applications Department of the US N aval Observatory (aa.usno.navy.mil/index.php).
We tested the hypotheses that illuminating trees with dim ultraviolet light would cause localized changes in bat and insect activity. Bat and insect response to UV treatment and other covariates were obtained from repeated measures at 10 sites. These relationships were estimated using a generalized linear mixed effects model (GLMM) and by treating sampling site as a random factor. We implemented models within a Bayesian Monte Carlo Markov Chain (MCMC) framework using the package MCMCglmm (ver. 2.21; Hadfield 2010) in program R (ver. 3.1.0; R Development Core Team 2011). The continuous response variable 'duration' was logtransformed and 'insect biomass' was square-root transformed prior to modeling with a Gaussian error structure. All other response variables were count data for which a Poisson error structure was specified in the mixed model. Additional model fitting details are provided in the Supplement.
RESULTS
We recorded a total of 3768 echolocation passes during the study period, of which only 4% (n = 143) consisted of terminal-phase call sequences indicative of feeding. We detected bats on video a total of 1164 times, about 58% (n = 676) of which were observed at near range (≤25 m). The duration of video detections of bats totaled to 1930 s (32 min) throughout the 40 nights sampled. Descriptive statistics of the response variables are presented in Table 1 , Fig. 1 , and Table S1 in the Supplement.
We observed statistically significant differences in the total number of echolocation passes detected between control and treatments, with detections declining by 44% from a mean of 41 per night without illumination to 23 per night with UV light treatment (Table 1, Fig. 1A ). The duration of bat detections by video increased by 40% from an average of 1.5 s on control nights to 2.1 s on treatment nights (Fig. 1E) . Treatment means were not statistically different from that of the control for all other measures of bat response; however, the apparent tendency for decreased bat activity near trees when they were lit with dim UV light was consistent among responses, with no contrary patterns evident.
We observed a significant 5-fold increase in insect biomass on nights with UV illumination (from a dry weight mean of 1.4 to 8.5 × 10 −2 g; Table 1 , Fig. 1F ). The response of bat occurrence and vocalization to the presence of insects (as measured by biomass) appeared to be negligible. Insects were never observed aggregating near the UV light emitters at night during the study. Almost all insects caught were moths in the 4 to 15 mm size range.
Moon illumination did not appear to affect bat occurrence as measured by video, but it was significantly associated with increased echolocation activity (Table 1) . In bright moonlight, the average number of acoustic detections increased more than 3-fold for all echolocation passes (from a mean of 13 to 57) and about 10-fold for terminal phase calls (from a mean of 0.2 to 2.2). Moreover, the interaction between UV and moon illumination showed that acoustic activity on full-moon nights with UV was 60% lower than on full-moon nights without UV. In contrast, the interaction between UV and moon illumination demonstrated a 30-fold increase in insect biomass on new-moon nights that had received UV treatment relative to those nights without UV. Also, insect biomass during full-moon nights was significantly reduced, but similar between nights with and without UV treatment, indicating that the effects of UV diminished in brighter moonlight.
In general, the variance attributable to the random effect 'site' was high, particularly for those measures of bat activity derived from acoustic detections. The proportion of variance attributable to site-to-site differences, relative to residual (observation-level) variance, was 89% for all acoustic detections and 81% for the subset of terminal phase calls, whereas model variance was 58% and 63% for the video-derived response variables 'mid-range' and 'near-range', respectively. In comparison, site-to-site differences in insect biomass contributed only 1% to model variance.
DISCUSSION
Our findings tentatively suggest that dimly illuminating trees with flickering UV light affects bat behavior and decreases nearby activity. Experimental treatment of trees did not completely inhibit activity, nor did all measures of bat activity show statistically significant changes during illumination treatments. High among-site variability of observed bat detections likely contributed to low statistical power and the lack of significance in some of our tests. However, lack of statistical significance does not equate to a lack of biological effect. Overall, the direction and magnitude of the acoustic and video-derived measures of bat activity were consistent with the hypothesis that dim UV illumination leads to a general reduction in bat activity. The effect of UV illumination on reducing activity was particularly evident in the acoustic data, which com- prised the largest overall number of detections. A possible explanation for the difference between acoustic and video detections is that some bats may have stopped calling while still approaching trees illuminated with UV. Insectivorous bats sometimes stop echolocating during flight in complex acoustic environments (Chiu et al. 2008 ), and we speculate that they might also echolocate less frequently or even cease to echolocate when approaching visually unfamiliar objects (e.g. wind turbines; Cryan et al. 2014) . Video also revealed that the mean duration of bat detections increased on nights with UV treatment. This result is consistent with the data showing fewer nearrange detections with UV treatment, indicating that Table 1 ). Boxplot whiskers denote values that lie within 1.5 times the interquartile range above the 75th percentile and below the 25th percentile bats avoided the area most illuminated by UV close to the camera, with the result that they would have been visible longer as they passed at farther distances across a wider field of view. Insect biomass around trees clearly increased during treatment with UV illumination, and this apparent attraction ran counter to the pattern of Hawaiian hoary bat activity. Bat activity was not highly associated with insect abundance, and bats did not appear to have been drawn in by the insects attracted by UV illumination despite the fact that the samples were primarily comprised of moths in the size range used by Hawaiian hoary bats foraging in 'cluttered' habitats (Jacobs 1999) . In general, insect abundance was relatively low even during UV treatment and we did not observe insects aggregating near the UV illuminators, suggesting that they were dispersed within the treated airspace to a degree that may not draw the attention of foraging bats.
Bat and insect activity showed disparate patterns as a function of moon illumination. Bat acoustic activity increased with moon illumination, whereas the biomass of captured insects decreased. The negative relationship of moonlight and insect activity has long been recognized (e.g. Williams & Singh 1951) . Some tropical non-insectivorous bat species also demonstrate moonlight avoidance (Saldaña-Vázquez & Munguía-Rosas 2013), but temperate-zone insectivorous bats are not known to change activity patterns in any consistent way (Karlsson et al. 2002 , Lima & O'Keefe 2013 . However, insectivorous bats may move among habitats as they exploit the shifting distributions of insects responding to changes in moonlight levels (Hecker & Brigham 1999) . Thus, higher bat acoustic activity may reflect greater availability of positively phototactic prey, or conversely, greater effort by bats foraging during periods of lower prey abundance. Any efforts to assess the effectiveness of using dim UV illumination to dissuade bats from approaching wind turbines should incorporate measures of ambient moonlight.
We very seldom observed birds at night in illuminated areas. This is an important finding, because not all animals flying through the airspace around wind turbines are equally susceptible to fatality at turbine blades, and there can be very large numbers of insects and birds flying above but not interacting with wind turbines at night (Cryan et al. 2014) . Bats can see light at intensities lower than those at which the vision of humans and most birds function (Lythgoe 1979 , Ellins & Masterson 1974 , Martin 1990 , and dim artificial illumination may be a taxa-specific way to prevent bats from approaching tall structures.
Light at the intensity we used is unlikely to be perceived by most birds (some of which also see in UV; Withgott 2000) . Although some nocturnal birds, such as owls and species in the family Caprimulgidae (e.g. nighthawks, nightjars and poorwills) have eyes approaching or equaling the light sensitivity of bats, there are no known cases of nocturnal birds that possess extreme low-light sensitivity at UV wavelengths (Ödeen & Håstad 2003 , Martin et al. 2004 , Lind et al. 2014 . We have little reason to believe that nocturnal birds would be attracted to dim UV illumination.
The ultimate goal of this research is to find a new way of reducing bat fatalities at wind turbines, yet this study was conducted at the base of trees. The reasons we illuminated trees instead of wind turbines for this initial effort included the potential link between bat susceptibility to turbines and the possibility of bats perceiving turbines as isolated or emergent trees (Ahlén et al. 2009 , Cryan et al. 2014 , Jameson & Willis 2014 , and the difficulty of deploying untested technology on operating wind turbines. However, elements of this study that may have limited the effectiveness of this technique include both the particular behaviors of Hawaiian hoary bats in the landscape where the study was conducted and the structures that were illuminated. Although hoary bats make seasonal altitudinal movements on Hawai'i Island (Gorresen et al. 2013) , they are not known to make extensive migrations akin to those of their congeners, and fatalities at turbines in Hawaii do not show the distinct seasonal peak that they do in continental N orth America. The hoary bats flying around the lighted trees in this study were likely residents foraging in familiar territory . It is unknown if a bat's familiarity with landscape structures influences its interactions with them. We suspect that it might be harder to dissuade a resident bat from approaching a familiar structure in its usual foraging grounds than to dissuade a migrating bat from approaching an unfamiliar structure it briefly encounters during migration. Many of the bats we detected in this study were likely foraging in nearby habitats and not necessarily focusing their behaviors on the trees being illuminated, whereas migrating bats might approach wind turbines in a more directed and focused way (Horn et al. 2008 , Ahlén et al. 2009 , Cryan et al. 2014 . Furthermore, wind turbines are also more prominent above the surrounding landscape than the trees of uniform height we studied. Dimly illuminating turbines in areas through which bats are migrating may better capture the attention of approaching bats than the experimental manipulations of tree windbreaks with UV light.
We carried out this study by illuminating trees, which we believe were appropriate surrogate structures for wind turbines, but which are potentially much more difficult to treat with UV light. Plants absorb and reflect light at variable levels and our observations indicate that the trees we illuminated did not reflect much UV light. In addition to absorbing UV light, the multi-faceted needles of coniferous trees tend to scatter light rather than reflect it straight back toward a light source (Clark & Lister 1975) . We did not have instruments sensitive enough to measure the amount of UV light reflecting back from tree surfaces, but it was far below the reflected illumination intensity of 1 microwatt cm −2 by the time it reached the eyes of approaching bats. In contrast, most wind turbines have smooth metallic surfaces that are painted white or other light colors, which would reflect (and possibly fluoresce) considerably more UV light than tree surfaces. Furthermore, we were unable to illuminate trees so that their upper branches were optimally lit, which would be more feasible on wind turbines if lights were mounted above and below the nacelle (a machinery box to which rotors and blades attach) and pointed toward the blades and tower. Although we observed a general decrease in bat activity at dimly lit trees, we speculate that the greater reflectance and accessibility of elevated turbine surfaces could result in a similar or greater reduction in bat activity (if not offset by an increase in the number of insects attracted to UV).
Bat fatalities at turbines pose a considerable conservation problem. Existing methods of reducing bat fatalities such as turbine curtailment at low wind speeds can be costly and inefficient. Simple, effective, device-based solutions are needed. We speculate that tree bats approach wind turbines because they perceive them as trees, and that bats can be prevented from approaching by subtly lighting the wind turbines in ways that visually reduce such mistaken identity. Dimly illuminating the surfaces of wind turbines with light that is invisible to humans, yet visible to bats, may have potential to reduce bat activity and risk of fatality. We believe the patterns observed in this study warrant further investigation with other bat species and geographic settings, with particular attention given to the possibility of inadvertent adverse effects to non-target species.
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